INTRODUCTION
Much attention on the development of eco-friendly products has encouraged many researchers to exploit the resources of cellulose, such as woods and agricultural biomass. The cellulose nanofi bers which are produced from those resources have generated a great interest as nanometer-sized fi llers. This is due to their sustainability, abundant availability, and some related characteristics such as lower density compared to inorganic fi llers, no abrasion of the processing equipment, good thermal properties and biodegradability (Sain and Bhatnagar, 2008; Deepa et al., 2011) .
Many researchers have studied on the isolation of nanosized fi bers from various agricultural biomasses, such as cassava baggase (Teixeira et al., 2009) , soybean stock (Wang and Sain, 2007) , rice straw and potato tuber (Abe and Yano, 2009; Zimmermann et al., 2010) , banana fi bers (Gañán et al., 2004; Cherian et al., 2008) , sugarcane baggase (Bhattacharya et al., 2008) , wheat straw and soy hulls (Alemdar and Sain, 2008) , coconut husk (Rosa et al., 2010; Fahma et al., 2011) , oil palm empty-fruit-bunch (Fahma et al., 2010 ) and a bio-residue from wood bioethanol production (Oksman et al., 2011) . The use a variety of biomass as raw material will lead to increase the supply of cellulose material that can be used for nanocomposite materials.
Sulfuric acid hydrolysis is a well-known chemical method to obtain the stable suspension of cellulose nanowhiskers because the negative sulfate groups are introduced into the outer surface of cellulose during the hydrolysis process. This method signifi cantly decreases the thermal stability of cellulose nanowhiskers. This drawback can be recovered by partly neutralizing the sulfuric acid groups with strong bases such as sodium hydroxide to increase its thermal stability (Wang et al., 2007a; Rosa et al.; . Garcia de Rodriguez et al. (2006) , Rosa et al. (2010) , and Fahma et al. (2011) prepared cellulose nanowhiskers from coconut husk by 64-65 wt.% sulfuric acid hydrolysis at 45-65 o C. They investigated delignifi cation process as pretreatment hydrolysis and characterized the nanowhiskers. Elazzouzi-Hafraoui et al. (2008) specifi cally analyzed the shape and size distribution of nanowhiskers obtained by 65 wt.% sulfuric acid hydrolysis from cotton, avicel and tunicate. Meanwhile Beck-Candanedo et al. (2005) examined the effect of reaction time and acid-to-pulp ratio on properties of nanocrystals and suspension prepared by 64 wt.% sulfuric acid hydrolysis from wood. Martinez-Sanz et al. (2011) examined the various factors (such as sulfuric acid hydrolysis time, neutralization and dialysis) on the properties of the nanoparticles obtained.
Preparing only-cellulose films have attracted much attention of some researchers. This is because cellulose nano-sized fi bers have a high surface area that can form a highly dense hydrogen bonding network. Spence et al. (2010) reported that fi lm of microfi brillated celluloses (MFCs) from softwood prepared by high pressure homogenization have 6,670 ± 650 MPa of elastic modulus and and 105.3 ± 19.4 MPa of tensile strength. Meanwhile, from hardwood MFC fi lm showed 6,310 ± 630 MPa of elastic modulus and 91.7 ± 25.2 MPa of tensile strength. Henriksson et al. (2008) also reported that the elastic modulus and tensile strength of MFC-based fi lms prepared by a combination of enzymatic and mechanical method from softwood dissolving pulp were found in the range between 10.4 and 13.7 GPa and 129 -214 MPa, respectively.
The objective of this study is to investigate the effect of acid sulfate group on the morphology and properties of cellulose nanowhiskers from sugar palm fibers. Dictionary -In this study, the cellulose fi bers from sugar palm fi bers were hydrolyzed by sulfuric acid solution to obtain cellulose nanowhiskers. We neutralized cellulose nanowhiskers obtained with a small amount of sodium hydroxide to obtain neutralized-nanowhiskers. We also prepared cellulose nanowhiskers fi lms by using fi ltration technique. The morphology and mechanical properties of neutralized-nanowhiskers fi lm was compared with un-neutralized nanowhiskers fi lm. So far, there has been no published study to our knowledge on the isolation of cellulose nanowhiskers from sugar palm fi bers. Besides that, from this study, information of mechanical properties of cellulose nanowhikers fi lms could be obtained.
MATERIALS AND METHODS

Materials
Sugar palm fi bers were used for obtaining nanofi bers. Sulfuric acid (95%) and other chemicals such as sodium hydroxide, ethanol, benzene, sodium chlorite, acetic acid, and potassium hydroxide were supplied by WAKO Pure Chemical Industries Ltd.
Cellulose nanowhiskers suspension
Cellulose fi bers were prepared as described in our previous work (Fahma et al., 2010 (Fahma et al., , 2011 . The cellulose fi bers (20 g) were hydrolyzed in sulfuric acid solution (64 wt.%) under strong agitation at 45°C for 90 min. The hydrolysis reaction was stopped by adding cold water. The diluted suspension was washed until the pH of the suspension reached 5 by successive centrifugations at 11,000 rpm for 10 min. Dialysis was carried out for 3 days until the pH became constant. Subsequently, the suspension was sonicated for 20 min to disperse nanowhiskers in water using an ultrasonic homogenizer at 19.5 kHz and 300 W output power (26 mm probe tip diameter, US-300T, Nissei, Japan), then stored in a refrigerator. Neutralizednanowhiskers as coded as "SPNF-neutralized" were prepared by adding 0.25 M sodium hydroxide (NaOH) solution for several drops of pipette until the suspension was neutrality. In order to separate the salt which might be formed, the suspension was centrifuged again for two times. Un-neutralized nanowhiskers were coded as "SPNF".
Cellulose nanowhiskers fi lms
Cellulose nanowhiskers fi lms were prepared as described in previous report (Iwamoto et al., 2007) . The cellulose nanofi ber suspension (124 g) was vacuum fi ltered using polytetrafluoroethylene membrane (0.1 μm mesh), producing a thin mat around 60 μm of thickness. The fi lms were oven-dried at 55°C for 72 h and further dried at 105°C for 2 h.
Characterization atomic force microscopy (AFM)
The morphology of nanowhiskers was observed by using an AFM scanning probe system comprising SPA-300 and SN-3800 units and an SI-AF-01 cantilever (SII Nanotechnology Inc., Japan). AFM images were processed in Spisel32 software. In order to prepare a sample, a droplet of diluted nanowhiskers suspension (0.001 wt % of fi ber content) was placed onto freshly cleaved mica and dried at room temperature.
Sulfate group content analysis
The sulfate content of nanowhiskers was determined by polyelectrolyte titration. NaCl solution (0.01 M, 5 mL) was mixed with the nanowhiskers suspension (45 g, about 0.4wt.% of solid content). The 0.01 M NaOH solution was added to the suspension with continuous stirring (Wang et al., 2007b) and the change in conductivity was recorded.
X-ray diffraction analysis
In order to make a pellet for X-ray diffraction analysis, 200 mg of the freeze-dried sample was pressed at 5 MPa for 30 s. The crystallinity of the cellulose fi ber and its nanowhiskers was determined by wide-angle X-ray diffraction (WAXD) analysis from 5 to 35° (2q) using a Rigaku RINT 2000 at 20 kV and 2 mA. The degree of crystallinity was calculated from diffraction profi les as the ratio of the area under the crystalline diffraction peaks to the total area under the curve (Wang et al., 2007b) . The d-spacing and crystallite sizes of cellulose I structures were calculated using the Bragg's equation and full widths at half heights of the diffraction peaks by Scherrer's equation, respectively (Kim et al., 2010 
where L is the crystallite size perpendicular to the plane; λ is the X-ray wavelength; H is the full-width at half maximum in radians; and θ is the Bragg angle.
Three peaks of X-ray profi les (1 ̅ 1 0, 1 1 0, and 2 0 0) were separated by peak fi tting using software PeakFit v4.12, even though two peaks (1 ̅ 1 0 and 1 1 0) seem overlapping due to low crystallinity.
Mechanical test
Tensile strength and Young's modulus of cellulose nanowhiskers fi lm were measured using Shimadzu EZ Test instrument equipped with a 500 N load cell for sample 10 mm in length, 3 mm in width, and 60 mm in thickness at a crosshead speed of 10 mm/min. Three measurements were carried out to characterize each fi lm.
Thermogravimetric analysis (TGA)
TGA was performed using a Thermo Plus TG 8120 instrument. Thermograms were acquired from room temperature to 500°C using a heating rate of 10 K min ).
Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy analyses
In order to prepare a FTIR sample, suspension of nanowhiskers (5 g, 0.4 wt.% of fi bers content) was cast in a Petri dish followed by drying overnight at 50°C, then at 70°C for 2 h before analysis (Fahma et al., 2010 (Fahma et al., , 2011 . Meanwhile cellulose fi ber sample for FTIR analysis was prepared using KBr pellet. FTIR spectra were recorded using a Nicolet MAGNA-IR 860 spectrometer in absorbance mode with resolution 4 cm -1
; 64 scans were accumulated for each sample.
Raman spectra were recorded using NXR FT-Raman module (ThermoScientifi c, USA) and 1000 scans were accumulated for each sample. The pellet sample was prepared as same as preparation for X-ray diffraction analysis.
RESULTS AND DISCUSSION
Morphology of cellulose nanowhiskers and their fi lms
The average thickness of nanowhiskers without and with neutralization was not signifi cantly different, 2.3 ± 0.9 and 2.4 ± 0.8 nm, respectively (Fig. 1) . This might be due to a little of NaOH added resulting no change of nanowhiskers morphology. The AFM images confi rmed that the nanowhiskers suspensions contained mostly of individual fi brils indicating the treatments of cellulose fi bers preparation and the sulfuric acid hydrolysis were effective to obtain nanowhiskers. This agreed with our previous works (Fahma et al., 2010 (Fahma et al., , 2011 . The salt of sodium chlorite (NaCl) which might be formed could not be detected in the image of neutralized-nanowhiskers. This means that the centrifugation after adding the NaOH for neutralization was effective to remove the salt. The nanowhiskers fi lm with neutralization showed white fi lm while nanowhiskers fi lm without neutralization showed brown fi lm (Fig. 2) . This was due to sulfate group content inside the fi lm. The acid sulfate group content of SPNF sample was 44.80 mmol kg -1 , while the content of acid sulfate group of SPNF-neutralized was not detectable. In our previous work, we reported that for 90 min of hydrolysis time (same as with this present study) the sulfate group content of cellulose nanowhiskers from oil palm empty-fruit-bunches (OPEFBs) was 48.85 mmol kg -1 (Fahma et al., 2010) . Because those values are very close each other, we suppose that the acid sulfate group content was strongly infl uenced by acid hydrolysis time.
Crystallinity of cellulose nanowhiskers
The X-ray analyses were used to evaluate the crystalline structure of all samples. Fig. 3 showed that native cellulose fi ber, nanowhiskers without and with neutralization had the same typical cellulose I crystal structure. From Fig. 3 , it was clearly observed that the X-ray diffraction patterns of nanowhiskers without and with neutralization were similar. This indicated that by adding several drops of NaOH until neutral pH into cellulose nanowhiskers the crystalline structure of cellulose I had been maintained.
The degree of crystallinity and crystallite size of cellulose decreased after sulfuric acid hydrolysis (Table 1) . A decrease of degree of crystallinity is probably because the drastic conditions of sulfuric acid hydrolysis cause not only destroyed amorphous regions but also crystalline regions. Meanwhile the phenomena of crystallite size reduction after acid hydrolysis were supposed due to shrinking the crystallite size to be smaller by acid hydrolysis.
Mechanical Properties of cellulose nanowhiskers fi lms
Tensile test was carried out to evaluate the effect of acid sulfate groups on the mechanical properties of the cellulose nanowhiskers obtained. The mean values of the mechanical properties of the nanowhiskers fi lms without and with neutralization were summarized in Table 1 .
The tensile strength and Young's modulus of nanowhiskers fi lm with neutralization were around 98 MPa and 5 GPa, respectively. These values were almost twice larger than that of nanowhiskers fi lm without neutralization. The improvement on the mechanical properties of the fi lms was related to the elimination of the sulfate group content from cellulose nanowhiskers. The charged sulfate groups result in stable suspension of cellulose nanowhiskers due to electrostatic repulsion. The elimination of surface charge leads to the formation of strongly bound nanofi brils, and thus a good interaction between nanofi brils-nanofi brils is obtained.
As comparison the tensile strength and modulus of cellulose nanofi bers fi lm from wood, rice straw and potato tuber prepared by mechanical method were around 210 -230 MPa and 11 GPa, respectively, with the degree of crystallinity around 76 -80% (Abe and Yano, 2010) . The values of their mechanical properties are higher than that of our result (Table 1) . This may be due to the difference of the degree of crystallinity caused by different nanofi bers-isolation method. In crystalline regions, cellulose chains are tightly packed together in crystallites, which are stabilized by a strong and very complex intra-and intermolecular hydrogen-bond network. This is the reason why the degree of crystallinity of cellulose nanofi bers obtained is one of key factors determining the mechanical properties (Abe and Yano, 2009; Habibi et al., 2010) .
Thermal analysis
Thermogravimetric analysis was performed to observe the effect of neutralization on the thermal stability of cellulose nanowhiskers obtained. Fig. 4 showed the TG and DTG curves of native cellulose from sugar palm fi bers and its nanowhiskers obtained without and with acid sulfate groups content. From Fig. 4 , SPNF sample with acid sulfate group content 44.80 mmol kg -1 showed that its degradation occurred within a wider temperature range and started to degrade at about 150°C, earlier than the native cellulose and the nanowhiskers with neutralization. The DTG curves showed that the SPNF sample had two main separated pyrolysis process. First process occurred at around 150 -280°C and the second one occurred at around 300 -500°C. The fi rst process might be corresponding to the primary pyrolysis of nanocrystals catalyzed by acid hydrolysis and the second one might be relating to the slow charring process of the solid residue which has not been attacked by sulfuric acid (Wang et al., 2007a; Martinez-Sanz et al., 2011) . Meanwhile the thermal decomposition of the nanowhiskers with neutralization (SPNF-neutralized) shifted to the higher temperature (at about 250°C, almost similar with native cellulose fi ber) and occurred within a narrow temperature range. The degradation of SPNF-neutralized sample showed only one pyrolysis process as similar as the native cellulose (Fig. 4) . It can be concluded that the acid sulfate groups in cellulose nanowhiskers obtained by sulfuric acid hydrolysis leads to a signifi cant decrease in the thermal stability.
FTIR and Raman spectroscopy analyses
The FTIR and Raman spectroscopy analyses were carried out to observe polymorphic changes of the native cellulose due to sulfuric acid hydrolysis and its nanowhiskers due to neutralization. The FTIR spectra in Fig. 5a exhibited that every band was very similar for cellulose fi ber, nanowhiskers without and with neutralization, indicating a close similarity on their chemical composition. All spectra exhibited the OH-stretching at around 3349 cm -1 . After sulfuric acid hydrolysis, that peak became narrower indicating hydrogen bonds were broken due to acid hydrolysis. Neutralization of acid sulfate groups did not affected the peak to bring back as like as before hydrolysis. This is evidence that acid sulfate groups occurred only on the surface of cellulose.
The peaks at 2898 cm -1 are assigned to the aliphatic saturated C-H stretching vibration in cellulose, hemicellulose and lignin. The peaks in the region 1429 cm -1 are due to various lignin components and C-H deformation of cellulose and lignin. The peaks at 1058 and 896 cm -1 are attributed to the C-O stretching and C-H rocking vibrations of cellulose, respectively (Fahma et al., 2010) .
Three main peaks attributed to lignin and hemicelluloses are 1720, 1509, and 1267 cm -1 which confi rms C=O stretching of hemicelluloses and lignin, C=C aromatic skeletal vibration of lignin, and C-O stretching of hemicelluloses and lignin, respectively (Fahma et al., 2010) . Fig. 5a showed that lignin and hemicelluloses were disappeared effectively as seen by the elimination of vibration at 1720, 1509, and 1267 cm -1 . Fig. 5b showed Raman spectra of un-neutralized and neutralized cellulose nanowhiskers from sugar palm fi bers. The bands at 1477, 1378 and 1334 cm −1 are associated with CH 2 deformation vibrations. The 1334 cm −1 can also be due to OH deformation vibrations. The bands observed at 1116 and 1093 cm −1 are the stretching vibrations of the β-1,4-glycosidic ring linkages between the glucose units in cellulose (Adebajo et al., 2006) . Comparing with the spectra of native cellulose, the peaks at 1116 cm −1 for SPNF and SPNFneutralized decreased indicating that indeed some glycosidic ring linkages had already broken due to acid hydrolysis.
CONCLUSION
Cellulose nanowhiskers from OPEFBs were characterized on thermal stability, chemical compounds, and crystallinity using TGA, FTIR, and WAXD, respectively. The thermal stability of nanowhiskers increased due to neutralization with adding several drops of NaOH solution. FTIR spectra confi rmed the similarity on the chemical composition of neutralized and un-neutralized cellulose nanowhiskers. Furthermore, WAXD analysis showed that the degree of crystallinity of cellulose decreased after sulfuric acid hydrolysis. Meanwhile, Neutralization did not change the degree of crystallinity of obtained cellulose nanowhiskers. The improvement of tensile strength and Young's modulus of nanowhiskers fi lm due neutralization was related to the elimination of the sulfate group content from cellulose nanowhiskers. For further study on the effect of neutralization on the properties of fi lms, it would be more interested to vary the amount of alkali (NaOH) to the cellulose nanowhisker suspension.
